Hydrocephalus is a heterogeneous, neurological condition characterized by altered flow of cerebrospinal fluid (CSF) that can occur at any age. Neuropathological changes associated with hydrocephalus are dependent on the age of onset, rate of ventricular enlargement, and the etiology. Hydrocephalic brain damage is also influenced by contributions from both mechanical forces and metabolic changes, which increases the heterogeneity of the condition. However, as ventriculomegaly progresses, the surrounding brain tissue is compressed within the cranial vault, elevating intracranial pressure and eventually leading to severe brain damage. From this perspective, it makes sense that periventricular brain regions are the initial sites of damage as ventricular dilatation occurs. The following review of neuropathological changes in hydrocephalus will first discuss cellular and region specific damage from the ventricles and outward towards the cortex and brainstem. This will be followed by vascular and hypoxic changes associated with the condition. Both types of brain impairments are dependent on the severity of the condition, and they will be described accordingly.
Introduction
Hydrocephalus is a heterogeneous, neurological condition that can occur at any age. The neuropathological consequences of hydrocephalus are dependent on the age of onset, rate of ventricular enlargement, and the etiology [1] [2] [3] [4] .
Even gene expression has been shown to change in the hydrocephalic rat brain depending on the age of onset and duration of the condition [5] . Brain damage [262] . subventricular zone (SVZ) Figure 1 . It is a thin area that persists from the embryonic germinal eminence (GE) that forms the lateral wall of the lateral ventricles, but it is virtually nonexistent over the third ventricle, cerebral aqueduct, and fourth ventricle [29] [30] . It is the site of neurogenesis where cell proliferation of newly formed brain cells continues into adulthood and is continually sent to different areas of the brain, including neurons through the rostral migratory stream to the olfactory bulbs and in the dentate gyrus of the hippocampus, as well as glial cells to the corpus callosum and cerebral cortex [31] . It has a strictly controlled cytoarchitecture containing astrocytes, small blood vessels, and three types of neural stem cells (NSCs) including self-renewing pluripotent precursors, neuroblasts or neuronal progenitor cells (NPCs), and oligodendrocyte precursors (OPCs) that are spatially located in specific positions [30] [31] [32] [33] . In humans and experimental models of hydrocephalus, periventricular reactive gliosis occurs within and surrounding the SEZ/SVZ, which may involve either or both hyperplasia or hypertrophy of glial cells [8] [17] [19] [34]- [39] . Various studies have also shown changes in cell numbers and mitotic activity within this region associated with hydrocephalus, where some studies have shown increased cell quantity [28] and cell proliferation [22] [40] . More recent work tends to show appreciable thinning and disorganization of the SVZ, along with a substantial decrease in cell proliferation overall [35] [46] , which may be associated with aberrant expression of neurotrophic factors in the ventricular zone (VZ) [43] [47] [48] . These impairments could disrupt neuronal organization [49] , but human fetuses with hydrocephalus often exhibit no abnormalities in the germinal matrix and cortical organization [6] . There is also an increase in oligodendrocyte [40] and activated cell death in the SVZ and periventricular regions [44] , as well as a decrease in Olig2-positive cells that could be indicative of glial precursor or mature oligodendrocyte li- [35] . Overall, the SEZ/SVZ is an important proliferative brain region that seems to be affected greatly by ventricular expansion. 
Periventricular Axons and White Matter

Extracellular Spaces and Water Content
In the periventricular region, human and animal studies have shown that the hydrocephalic brain is edematous in association with increased intracranial 
Cerebral Cortex and Subcortical Regions
The cerebral cortex and subcortical structures are also affected by hydrocephalus, particularly as ventriculomegaly becomes more severe, where cortical thinning and distention are prevalent, along with stretching of the septum pelluci- However, one study found that memory dysfunction in hydrocephalic adults was associated with septohippocampal changes when it was due to aqueductal stenosis, whereas memory deficits in normal pressure hydrocephalus appeared related to prefrontal structural damage [164] . [190] , and inducing neuroendocrine disturbances by altering hormone production or secretion that may be due to distortions of the pituitary or hypothalamus [191] - [196] .
Cerebellum and Brainstem
There are also neuropathological changes in the cerebellum and brainstem. The shape of the cerebellum is distorted in people with spina bifida and hydrocephalus [197] . Although the Chiari II malformation is associated with cerebellar, brainstem, and fourth ventricle deformities [17] [198] [199] where subsequent hydrocephalus often develops, this malformation likely occurs secondary to myelomeningocele instead of ventriculomegaly [200] [201] . There may be abnormal degeneration and stunted growth of the central lobes of the cerebellum, which seems to develop normally at first [202] , which could be associated with ischemic changes [203] [204] [205] . There are also changes in neurotransmitter levels in the cerebellum of hydrocephalic animals [190] 
Vascular and Oxidative Pathogenesis
Cerebral Blood Flow and Vascular Changes
As the cerebral ventricles enlarge, tissue compression and axonal stretching and tearing occur, but hydrocephalus also adversely affects cerebral metabolism, cerebral blood vessels, and cerebral blood flow especially in the white matter [4] [ 
Microvascular Changes
Microvascular changes in hydrocephalus were first identified long ago by Penfield [134] who was apt to recognize that ventricular enlargement likely impeded the vascular supply to the brain. Later studies were able to show decreased density of capillaries in the corpus callosum of humans with hydrocephalus [52] , as well as decreased number, caliber, and patency of capillaries in periventricular white and gray matter of experimental and mutant animal models of hydroce- [137] and separations of endothelial tight junctions in periventricular white matter [226] [227], which might be associated with an alternate route for CSF absorption. Related to this, the blood-brain barrier (BBB) appears to remain intact with hydrocephalus, so the role of BBB alterations in hydrocephalus is unclear [50] . Indirectly, it is known that the composition of CSF [108] and extracellular fluid is altered in hydrocephalus [3] . In addition, the movement of water and extracellular tracers are restricted [106] [214] [232] [233] , whereas water normally exchanges across the BBB relatively freely [234] [235] [236] . Other suggestive evidence of altered permeability of the BBB has been observed in hydrocephalic adult patients who display changes in the relative levels of CSF albumin and plasma-derived immunoglobulin G [237] . In addition, one study found that aquaporin 4, but not aquaporin 1 or 9, expression was elevated in hydrocephalic rat brains, and it was postulated that this change might facilitate the efflux of water from the brain through astrocytes into the capillaries [238] . Meanwhile, another study showed that hydrocephalic rats exhibited only focal and perhaps transient increased opening of BBB permeability, which was speculated to relate mainly to mechanical disruption of small periventricular blood vessels rather than a generalized capillary phenomenon [239] .
Choroid Plexus
The choroid plexus is a tight epithelium surrounding a vascularized stroma that is located within the roof of all four ventricles and produces most of the CSF in circulation. Because of its unique location, the choroid plexus is a circumventricular organ that forms one of the interfaces between the blood and the CSF, and it is important for contributing to brain homeostasis, where it is involved in various biochemical exchanges supplying or removing nutrients, peptides, hormones, metabolites, and waste [240] . In regards to its main function, CSF overproduction by the choroid plexus is a rare a cause of hydrocephalus [3] [8] [241] . [252] and exhibits decreased glycoprotein immunoreactivity [253] , and the subfornical organ can become damaged as the condition progresses [254] .
Hypoxic, Oxidative, and Nitrosylative Changes
Since hydrocephalus is associated with tissue compression, reduced cerebral blood flow, and periventricular white matter ischemia, studies have also shown that periventricular white matter undergoes hypoxic, oxidative, and nitrosylative changes [255] . In particular, pimonidazole hydrochloride, which forms adduct with thiol groups in proteins of hypoxic tissue [256] , is detectable in periventricular capillaries and white matter glial cells [255] . have also been detected [108] along with lipid peroxidation [261] . Some studies with H-Tx rats found decreased intensity of histochemical staining of neurons for NADPH-diaphorase [139] and detected protein nitrosylation associated with oxidative stress [207] . Meanwhile, other studies found increased nitric oxide synthase (NOS) immunostaining [222] and elevated mRNA levels of a neuronal NOS inhibitor in hydrocephalic rats [5] . Lastly, nitrotyrosine has also been detected in periventricular white matter vessels along with increased nitric oxide production in the brains of hydrocephalic rats, which are suggestive of nitrosylative, hypoxic changes associated with the condition [255] .
Summary and Future Research Prospects
Hydrocephalus is a neurological condition characterized by altered CSF flow leading to an accumulation of CSF inside the cranial vault. The neuropathological changes associated with hydrocephalus arise from both mechanical forces and metabolic changes, and they are heterogeneous due a variety of factors including the age of onset, rate of ventricular enlargement, and the etiology. Ventriculomegaly causes compression of brain tissue within the cranial vault, which increases intracranial pressure and leads to severe brain damage. In this review, hydrocephalic neuropathological changes have been described based on research with humans and animal models of the condition, which includes cellular and region specific damage, along with vascular and hypoxic changes. Overall, hydrocephalus can occur at any age from multiple causes and displays varied levels of severity, which is why neuropathological changes associated with the condi- 
